Proton-driven Suc transporters allow phloem cells of higher plants to accumulate Suc to more than 1 M, which is up to ;1000-fold higher than in the surrounding extracellular space. The carrier protein can accomplish this task only because proton and Suc transport are tightly coupled. This study provides insights into this coupling by resolving the first step in the transport cycle of the Suc transporter SUT1 from maize (Zea mays). Voltage clamp fluorometry measurements combining electrophysiological techniques with fluorescence-based methods enable the visualization of conformational changes of SUT1 expressed in Xenopus laevis oocytes. Using the Suc derivate sucralose, binding of which hinders conformational changes of SUT1, the association of protons to the carrier could be dissected from transport-associated movements of the protein. These combined approaches enabled us to resolve the binding of protons to the carrier and its interrelationship with the alternating movement of the protein. The data indicate that the rate-limiting step of the reaction cycle is determined by the accessibility of the proton binding site. This, in turn, is determined by the conformational change of the SUT1 protein, alternately exposing the binding pockets to the inward and to the outward face of the membrane.
INTRODUCTION
The main metabolites transported in the phloem sap are organic compounds, mostly sugars and amino acids (Dinant et al., 2010) . In apoplastic loading species, Suc is the most abundant sugar with concentrations in the phloem sap ranging from, for example, 340 mM in Arabidopsis thaliana (Deeken et al., 2002) , ;850 mM in maize (Zea mays) (Ohshima et al., 1990; Lohaus et al., 2000) , and up to 1.8 M in potato (Solanum tuberosum) (Pescod et al., 2007) , whereas the apoplastic Suc concentration is usually in the low millimolar range (e.g., in maize leaves 2 to 5 mM; Lohaus et al., 2000) . Thus, plasma membrane-localized proton-driven Suc transporters (alternatively named SUTs or SUCs) represent key players for high Suc accumulation (Riesmeier et al., 1994) . The pivotal physiological relevance of Suc carriers is underpinned by loss-of-function studies (compared with Gottwald et al., 2000; Slewinski et al., 2009; Slewinski et al., 2010) .
Plant Suc transporters group into the same structural superfamily (Major Facilitator Superfamily; Marger and Saier, 1993; Aoki et al., 2003; Saier et al., 2006; Reinders et al., 2012a; Yan, 2013) as the model transporters LacY, an H + -coupled lactose permease from Escherichia coli, and SGLT1, an animal Na + /Glc cotransporter. Lactose permease (LacY) and sodium glucose transporter1 (SGLT1) have been extensively studied to draw a mechanistic model of cation-coupled substrate transport across membranes (Loo et al., 1993 (Loo et al., , 1998 Abramson et al., 2003; Kaback et al., 2007; Majumdar et al., 2007; Smirnova et al., 2008; Zhou et al., 2008) . Site-directed alkylation and fluorescencebased methods as well as single-molecule fluorescence resonance energy transfer support an alternating access model, in which a conformational change is necessary for completion of the LacY transport catalysis (Majumdar et al., 2007; Smirnova et al., 2008) . In the case of SGLT1, electrophysiological measurements were combined with voltage-clamp fluorometry (VCF) in Xenopus laevis oocytes (Loo et al., 1993 (Loo et al., , 1998 (Loo et al., , 2006 . Thereby, site-specific labeling of an introduced Cys residue with environmentally sensitive fluorophores enabled real-time observation of intramolecular movements under various conditions. Based on these studies, a similar six-state reaction scheme for SGLT1 and LacY was proposed (Parent et al., 1992b; Loo et al., 1993 Loo et al., , 1998 Loo et al., , 2006 Smirnova et al., 2008) .
Pioneering studies with transporters of plant cells were conducted using the hexose/H + transport system of the unicellular alga Chlorella kessleri. The H + /Glc symporter system (Komor, 1973; Komor and Tanner, 1974, 1976) , which transports sugars and protons with a stoichiometry of 1:1, is able to accumulate Glc analogs more than 1000-fold . Later on, three genes coding for Chlorella hexose transport activity were identified (HUP1, HUP2, and HUP3; Sauer and Tanner, 1989; Stadler et al., 1995) that share the overall structure of Major Facilitator Superfamily family members.
Thirty years of biochemical and biophysical analysis of Suc transport in higher plants revealed that Suc transporters mediate the accumulation of Suc by coupling substrate transport to the thermodynamically favorable symport of protons (Geiger et al., 1973; Giaquinta, 1976; Komor et al., 1977; Delrot, 1981; Delrot and Bonnemain, 1981; Bush, 1989; Bossi et al., 2011) . Thereby, the free energy, stored in the electrochemical proton gradient across the membrane, is established via the hydrolysis of ATP by primary active pumps (Morsomme and Boutry, 2000; Palmgren, 2001; Gaxiola et al., 2007; Buch-Pedersen et al., 2009) .
Biochemical studies using plasma membrane vesicles from sugar beet (Beta vulgaris) leaf tissues revealed kinetic parameters (substrate affinity, pH dependence, stoichiometry, and inhibitor sensitivity) allowing development of the first models for the reaction cycle of Suc transport in plant cells (Bush, 1990 (Bush, , 1993 Buckhout, 1994) . Subsequently, Boorer et al. (1996a) and Zhou et al. (1997) expressed potato SUCROSE TRANSPORTER1 (SUT1) and Arabidopsis SUC1 in X. laevis oocytes and conducted two-electrode voltage-clamp measurements of Suc-induced transport currents. Affinities to H + and Suc and maximal activities of the transporters could be obtained. The observations of Zhou et al. could be sufficiently described by a six-state model, in which the binding at the external side can be random, but it has to be ordered at the inside with the sugar dissociating before the proton. Similarly, Boorer et al. (1996a) used oocytes expressing potato SUT1 to investigate steady state kinetic properties resulting in an eight-state ordered, simultaneous model, with H + binding before Suc. The authors further supposed that Suc is released before H + at the cytosolic site of the membrane. Due to uncoupled transport of Suc, the kinetic model was extended by a branch resembling the conformational change of the transporter bound to Suc only. Maize SUT1 was initially described by Aoki et al. (1999) and was found to mediate Suc-induced proton currents in the µA range, a range sufficiently large enough to allow precise electrophysiological measurements of kinetic parameters in X. laevis oocytes (Carpaneto et al., 2005 (Carpaneto et al., , 2010 Wippel et al., 2010) . Maize SUT1 was characterized as a Suc transporter exhibiting kinetic parameters for Suc as well as for protons with pronounced voltage dependence. Highest affinities were monitored at hyperpolarized membrane potentials and acidic pH conditions (Carpaneto et al., 2005) . In agreement with a perfectly coupled thermodynamic machine, SUT1 is facilitating H + /Suc transport across the membrane with a 1:1 stoichiometry. Giant patch clamp studies with SUT1-expressing oocytes provided evidence that the Suc gradient is sufficient to drive the proton transport, which further supports the idea of a strict coupling of proton and Suc transport but contradicts the uncoupled transport found with potato SUT1 (Boorer et al., 1996a) . Interestingly, with maize SUT1, the transport direction could be reversed, allowing the release of Suc into the extracellular space under physiological conditions present in sink tissues (Carpaneto et al., 2005) .
The capability of Suc transporters to accumulate Suc concentrations of more than 1 M and their flexibility to serve also as release pathways suggest that plants developed transporters with unique structural and functional properties (Lohaus et al., 1994 (Lohaus et al., , 1995 (Lohaus et al., , 2000 Lohaus and Fischer, 2004; Pescod et al., 2007) . Here, we provide insight into the transport mechanism of the maize model Suc transporter SUT1. We could identify sucralose as a competitive inhibitor of Suc-induced SUT1 currents and used this compound as a tool. Electrophysiological analyses in combination with VCF measurements of intramolecular movements of SUT1 suggested that externally applied sucralose locked the Suc carrier in its outward facing conformation. Our approaches also allowed us to dissect and quantify individual steps of the SUT1 transport cycle. The data suggest that the rate-limiting step of the SUT1 reaction cycle is determined by the accessibility of the extracellular proton binding site and, thus, by conformational changes of the SUT1 protein. This study resolves the first step in the reaction cycle of a plant Suc transporter: the binding of protons to the carrier and its interrelationship with the alternating movement of the protein. It therefore provides fundamental insights into the physiologically important process of sugar translocation in plants.
RESULTS

Sucralose, a Competitive Inhibitor of Suc-Induced SUT1-Mediated Transport
Phylogenetic analysis revealed that plant Suc transporters are grouped into three major clades (I to III; Aoki et al., 2003) . Clade I Suc carriers are found in eudicots only, but type II transporters are found in all land plants (Aoki et al., 2003; Reinders et al., 2012a) . The phylogenetic separation is also reflected in functional differences between members of the two clades. Type II Suc transporters are highly selective for Suc, maltose, salicin, and a-phenylglucoside (Sivitz et al., 2005; Reinders et al., 2006 Reinders et al., , 2012b Sun et al., 2010) . In contrast with type II transporters, type I Suc carriers transport a broad variety of a-and b-glucosides as well as arbutin, esculin, palatinose, and sucralose (Chandran et al., 2003; Sivitz et al., 2005 Sivitz et al., , 2007 Reinders et al., 2012b) . To test the substrate specificity of maize SUT1, belonging to group II, oocytes of X. laevis were injected with SUT1 cRNA and measured with the two-electrode voltage clamp (TEVC) technique after 4 to 5 d of expression. Substrate-induced steady state currents recorded at 2100 mV revealed that maize SUT1 favors Suc and maltose over salicin. Monosaccharides, such as Glc, Fru, and Man, the disaccharide lactose as well as the trisaccharide raffinose were not transported ( Figure 1A ). Thus, maize SUT1 represents a typical member of the type II Suc transporters (Reinders et al., 2012a (Reinders et al., , 2012b . In contrast with Suc, the artificial sweetener sucralose did not evoke macroscopic SUT1-mediated proton currents ( Figure 1A ). Sucralose was not transported at any pH value tested (range pH 4.0 to 7.5), whereas Suc-induced currents increased with rising proton concentrations (see Supplemental Figure 1A online). Reinders et al. (2006) showed that sucralose is a competitive inhibitor of Suc transport mediated by the sugarcane transporter SUT1. We therefore investigated the effect of sucralose on maize SUT1 activity. Upon application of 1 mM Suc at pH 4.0 to the external medium, SUT1 mediated sustained proton inward currents at a holding potential of 220 mV. These Suc-induced proton inward currents were suppressed when an excess of 150 mM sucralose was added to the bath medium ( Figure 1B ). Statistical analysis of the sucralose effect at 2100 mV and pH 4.0 suggested that the artificial sweetener inhibits Suc-induced SUT1 currents (see Supplemental Figure  1B online). To quantify the inhibitory effect of sucralose on Sucinduced transport currents, different sucralose concentrations were applied in the presence of a constant Suc concentration (5 mM Suc at pH 5.6 and 1 mM Suc at pH 4.0; Figure 1C ). The resulting dose-response curves were described with a Michaelis-Menten equation and revealed a half maximal inhibition constant of 31.5 mM 6 4.5 mM at pH 5.6 and 12.0 mM 6 1.1 mM at pH 4.0. Furthermore, we investigated whether sucralose is a competitive inhibitor of SUT1-mediated Suc transport (compared with Reinders et al., 2006) . SUT1 transport currents were recorded at Suc concentrations in the range between 0.1 and 50 mM in the presence and absence of 10 mM sucralose and were plotted as a function of the Suc concentration. Saturation curves could be best described with a Michaelis-Menten equation resulting in a K m (Suc) of 1.5 6 0.1 mM in the absence of sucralose. In the presence of 10 mM sucralose, the K m for Suc increased to 3.3 6 0.1 mM, while the maximum level did not change ( Figure 1D ), indicating that sucralose represents a competitive inhibitor of Suc-induced SUT1 transport.
Other important information on the characteristics of electrogenic Suc transporters can be obtained by measuring voltagedependent membrane capacitance (C m ) changes and so-called pre-steady state currents (I pre ; Carpaneto et al., 2010) . Membrane capacitance measurements are well suited for the observation of intramolecular movements of charged domains in integral membrane proteins or the binding of ions to the protein within the electrical field of the membrane (Parent et al., 1992a; Loo et al., 1993; Klamo et al., 1996; Forster et al., 1998) . Charge movements inside membrane proteins were described as a characteristic (A) Normalized steady state currents (I SS norm) were recorded in the presence of 100 mM sugar at a holding potential (V H ) of 2100 mV and pH 5.6 (n = 4, 6SD). I SS currents were normalized to the currents observed in the presence of 100 mM Suc. (B) Suc-induced negative inward currents (I SS ) at 220 mV at pH 4.0 were suppressed upon application of sucralose (scl). (C) Inhibition (in %) of Suc-induced transport currents at 2100 mV were plotted as a function of the external sucralose concentration. At pH 5.6 (circles), a constant Suc concentration of 5 mM was present, whereas at pH 4.0 (triangles), 1 mM Suc was present. The half maximal inhibitor concentration (IC 50 ) was calculated with a Michaelis-Menten function. Steady state currents of individual cells were normalized to the extrapolated maximal inhibition (=100% inhibition) at 2100 mV (n $ 4, 6SD). (D) Competitive inhibition of Suc-induced currents by sucralose. Steady state currents measured at 2100 mV and pH 4.0 were plotted as a function of the external Suc concentration. Steady state currents were normalized to the currents at 2100 mV and 3 mM Suc. Experiments were performed either in the presence (circles) or absence of 10 mM sucralose (triangles). The dose response could be described with a Michaelis-Menten function, resulting in the K m (Suc) in the absence or presence of sucralose (n = 4, 6SD). (E) Membrane capacitance (C m ) changes in response to 0 mM (triangles) or 100 mM Suc (squares) or 100 mM sucralose (circles) at pH 4.0 were plotted against the voltage. Application of saturating Suc concentrations dramatically decreased C m , whereas sucralose decreased the C m only slightly. C m values were normalized to the value at 210 mV in the absence of Suc (n = 7, 6SD).
property of most ion-coupled transporters, both from animal (Parent et al., 1992a; Loo et al., 1993 Loo et al., , 1998 Su et al., 1996; Nussberger et al., 1997; Hilgemann and Lu, 1999; Hilgemann, 1999a, 1999b; Fesce et al., 2002; Giovannardi et al., 2003; Peres et al., 2004; Cherubino et al., 2010) and plant kingdoms (Arabidopsis STP1 and maize SUT1; Boorer et al., 1994; Carpaneto et al., 2010) . These charge movements occur also in the absence of the substrate, and then they manifest as a transient current response to rapid voltage steps, the so-called pre-steady state currents. However, saturating amounts of substrate disperse I pre and favor transport currents (Loo et al., 1993; Lester et al., 1996; Mager et al., 1996; Nussberger et al., 1997; Bossi et al., 1999 Bossi et al., , 2011 Cherubino et al., 2010) . In a previous study on maize SUT1, we showed that in the absence of Suc, the binding of protons to the transporter manifests in rapidly decaying pre-steady state currents (I pre ; Figure 2A ) and in voltage-dependent membrane capacitance changes (Carpaneto et al., 2010) . Subsequent addition of Suc dramatically decreased C m (Carpaneto et al., 2010; Figure 1E, squares) . Now the protons that were trapped in the transporter can pass together with Suc the membrane converting decaying pre-steady state into lasting transport currents. When instead of Suc, sucralose was added to the bath medium, C m persisted at a high level ( Figure 1E , circles) indicating that the pathway for protons across the membrane remained blocked.
Sucralose Affects the Gating of Maize SUT1
The competitive inhibitor sucralose enabled us to further dissect individual steps of the reaction cycle of SUT1. We monitored presteady state currents in the absence of any substrate and in the presence of either Suc or sucralose at pH 4.0. To obtain presteady state currents, first raw currents were elicited by clamping the membrane potential from a holding potential of 220 mV to test voltages from +40 to 2160 mV in 10-mV decrements. Subsequently, the stationary level of original current traces was set to zero and the currents in the presence of saturating Suc concentration were subtracted from the currents in the absence of the substrate ( Figure 2A ) and from the currents in the presence of sucralose ( Figure 2C ). The decay of the resulting pre-steady state currents in the absence of substrate was best described by a sum of two exponential equations (indicated exemplarily as the red line for one trace in Figure 2A ) resulting in two time constants, a slow (t slow ) and a fast (t fast ) one ( Figure 2B ; compared with Carpaneto et al., 2010) . The fast time constant of <1 ms was limited by the voltage clamp speed of the amplifier (triangles). The slow time constant was around 2 ms (circles). In the voltage interval between 0 and 240 mV, the time constants could not be resolved from the pre-steady state currents because the amplitudes were too small.
Although sucralose is not a substrate for SUT1 and did not evoke any transport currents, pre-steady state currents were still present even at saturating sucralose concentrations (100 mM) ( Figure 2C ). However, sucralose-induced pre-steady state currents appeared to be different from I pre recorded in control conditions. Interestingly, pre-steady state currents induced by saturating sucralose concentrations could be satisfyingly described with a monoexponential equation (indicated exemplarily as red line for one trace in Figure  2C ). The decay of pre-steady state currents were characterized by only one time constant around 0.5 ms. Thus, the slow I pre current component was absent (cf. Figures 2C and 2D with Figures 2A and 2B) . In summary, these results indicate that in the presence of saturating sucralose concentrations, the association of protons to the proteins proceeds very rapidly and not with a rapid and a slow component as in control conditions. It might thus be hypothesized that sucralose primes the number of transporters being accessible for proton binding.
Sucralose represents a competitive inhibitor for type II Suc transporters, such as sugarcane (Saccharum officinarum) SUT1 (Reinders et al., 2006) and maize SUT1 ( Figure 1D ), indicating that sucralose can bind to the substrate binding site. It is therefore straightforward to ask how sucralose can influence the slow pre-steady state current component and in turn the reaction cycle of SUT1. To elucidate this question, we monitored I pre in response to varying sucralose concentrations at pH 4.0. Representative I pre current traces at 2160 mV indicated that application of sucralose reduced the current amplitude of the slow I pre component rather than affecting the slow time constant (t slow ; Figure 2E ). To further prove this notion, we determined the amplitude of the slow pre-steady state component by approximating I pre with a double-exponential equation. When the amplitude was plotted as a function of the applied sucralose concentration ( Figure 2F ), the resulting dose responses could be well described with a Hill equation. The sucralose dependence of the slow I pre amplitude was characterized by a half-maximal sucralose concentration of 7.71 6 2.2 mM at 2100 mV (7.27 6 1.5 mM at 2130 mV and 7.06 6 2.0 mM at 2160 mV). Taken together, the fact that pre-steady state currents are observable in the presence of sucralose ( Figure 2C ) indicates that protons are still able to bind to the transporter when sucralose occupies the substrate binding site. However, the weak (almost absent) effect of sucralose on C m ( Figure 1E ) and the suppression of the slow I pre component point to an impairment of the conformational change of SUT1.
Monitoring Conformational Changes of Maize SUT1 by VCF
The analysis of pre-steady state currents and C m changes allowed us to investigate the first step in the reaction cycle of SUT1: the binding of protons to the carrier. To further dissect the reaction cycle of SUT1, we chose the VCF technique. It is well accepted that ion-coupled transporters change between two conformations to allow alternating access of the cotransported ion and the substrate to the binding pocket (alternating access model; Kaback et al., 2007; Majumdar et al., 2007; Smirnova et al., 2008; Zhou et al., 2008) . To visualize conformational changes of integral membrane proteins, Mannuzzu et al. (1996) introduced the VCF technique. They monitored the movement of the voltage sensor domain S4 of the shaker K + channel ShH4. VCF is based on the observation of fluorescence changes of environmentally sensitive fluorophores bound to a moving domain of the target protein under defined membrane potentials. If the fluorophore is displaced due to the movement of the protein, for example, from an aqueous environment to the vicinity of the membrane or into a hydrophobic area of the protein, the fluorescence is quenched. This change in fluorescence can be a direct readout for the movement of the protein (Geibel et al., 2003; Egenberger et al., 2012) .
Since the fluorophore binding is restricted to protein residues facing the intra-or extracellular space, transmembrane regions of SUT1 were predicted by transmembrane hidden Markov model (TMHMM; http://www.cbs.dtu.dk/services/TMHMM/) to identify protein regions that might be accessible from the experimentally best reachable extracellular side. To minimize nonspecific binding of the fluorophore to native extracellular Cys residues of SUT1, we replaced these Cys residues by Ala and probed the function of the Cys-free mutants by TEVC measurements in oocytes. SUT1 harbors five putative extracellular Cys residues . Only three of them could be removed without losing Suc transport activity (A) Pre-steady state currents (I pre ) were obtained by subtracting the stationary currents in the presence of saturating Suc concentration (100 mM Suc) from currents in the absence of Suc (0 mM Suc). The pre-steady state currents could be approximated by a sum of two exponential functions indicated as a red line for the 2160 mV current trace. Starting at a holding voltage of 220 mV, voltage pulses from +40 mV to 2160 mV in 40-mV decrements were applied. (B) Time constants of the decay of the pre-steady state currents in the absence of substrate versus the applied voltage. The fit of pre-steady state currents (as shown in [A]) by a sum of two exponential functions revealed two time constants: t fast (triangles) and t slow (circles). The value of the fast time constant was smaller than 1 ms and was thus limited by the speed of the voltage clamp (n = 6, 6SD). (C) Pre-steady state currents in the presence of sucralose (scl) were obtained by subtracting the stationary currents in the presence of 100 mM Suc from currents in the presence of 100 mM sucralose. The same voltage protocol as in (A) was applied. In contrast with the pre-steady state currents measured in the absence of any substrate, the pre-steady state currents in the presence of sucralose could be well approximated by a single exponential function indicated as red line for the 2160 mV current trace. (D) Time constant of the decay of the pre-steady state currents in the presence of 100 mM sucralose was plotted against the applied voltage. Note, the slow time constant disappeared, while t fast remained apparently unaffected in the presence of the competitive inhibitor sucralose (n = 6, 6SD). (E) Representative pre-steady state current traces in the presence of varying sucralose concentrations recorded at 2160 mV: 0 mM (black), 5 mM (red), and 100 mM sucralose (blue). (F) Amplitude of the slow pre-steady state current component plotted against the logarithmic sucralose concentration at 2100 mV (blue), 2130 mV (red), and 2160 mV (black) (n = 7 each, 6SD). The dose-response curve could be best described with Hill equations (Equation 4; solid lines). All experiments were performed in standard bath solutions at pH 4.0. Substrate concentrations are indicated.
(Cys-139, Cys-224, and Cys-417; the Cys-free triple mutant SUT1-C139A-C224A-C417A was named SUT1-Cys-3). In order to find extracellular domains moving upon transport-associated conformational changes, we introduced Cys residues via sitedirected mutagenesis in the background of the Cys-free triple mutant and screened the mutants with the VCF technique. The mutants were labeled in ND96 buffer with 1 µM tetramethylrhodamine-6-maleimid (TMRM) for 5 to 10 min at room temperature in the dark. Fluorescence and currents were recorded in parallel under voltage clamp conditions (Mannuzzu et al., 1996; Loo et al., 1998 Loo et al., , 2006 Geibel et al., 2003) . Right after turning on the excitation light (532 nm), TMRM-labeled oocytes were clamped to membrane potentials from +80 to 2200 mV in 10-mV decrements starting from a holding potential of 220 mV ( Figure  3A) . To exclude that TMRM-labeled oocytes mediate any voltageinduced fluorescence changes per se, the fluorescence intensity of noninjected SUT1-or SUT1-Cys-3-expressing oocytes were measured upon voltage jumps in the absence or presence of Suc. Neither noninjected oocytes nor oocytes expressing SUT1-WT (wild type) or SUT1-Cys-3 showed fluorescence changes in response to voltage or application of Suc ( Figures 3B to 3D ). By contrast, voltage-dependent fluorescence changes were observed with the mutants SUT1-Y61C, SUT1-V62C, SUT1-T64C, and SUT1-T72C, where native residues within the loop between transmembrane domain I and II (TMD) were replaced by a Cys. All mutants showed voltage-dependent fluorescence changes in the absence and presence of Suc at pH 4.0 (Figures 3E to  3H ). However, most pronounced voltage-dependent fluorescent changes were recorded with SUT1-T72C ( Figure 3E) .
Following the identification of mutants displaying fluorescence changes, we functionally characterized these mutants with respect to current amplitudes, Suc affinity, pH dependence, and sucralose sensitivity by TEVC measurements (Table 1) . With SUT1-WT, -Cys-3, as well as the mutants SUT1-V62C, -T64C, and -T72C, the Suc-induced current amplitudes ranged from 1.5 to 4 µA at 2100 mV and a pH value of 4 ( Table 1 ). The mutant SUT1-Y61C mediated Suc-induced currents of only 0.8 µA under identical conditions. Apart from SUT1-T64C exhibiting a K m of 34.72 6 3.77 mM at 2100 mV, pH 5.6, K m values of all other mutants were wild-type-like (Table 1) . Concerning pH-dependent Suc transport properties and sucralose sensitivity, SUT1-WT and mutants behaved very similarly (Table 1 ). Following expression in X. laevis oocytes, maize SUT1 mutants were labeled with TMRM and voltage-dependent fluorescence changes were measured. (A) Starting from 220 mV, the oocytes were clamped to membrane potentials in the range from +80 to 2200 mV in 10-mV decrements. For clarity, only four voltage pulses are shown. The LED-based excitation light was switched on before the voltage pulses were applied and the fluorescence intensity was recorded. (B) to (D) As negative control, the fluorescence intensity of TMRM-labeled SUT1, SUT1-Cys-3-expressing oocytes, and noninjected oocytes was measured in the absence of substrate and in the presence of 100 mM Suc at pH 4.0. Representative original fluorescence recordings showed no detectable voltage-dependent fluorescence changes under any tested condition. WT, the wild type. In order to link I pre , the binding of protons to SUT1, with the conformational change of the SUT1 protein, we explored whether the VCF mutants display wild-type-like I pre . Properties very similar to SUT1 wild type were monitored for the mutant SUT1-T72C in the SUT1-Cys-3 background. The other mutants were discarded because of small Suc-induced currents (Y61C), an increased K m value (T64C), or the weak voltage-dependent fluorescence changes (V62C and T64C). SUT1-T72C showed in the absence of any substrate I pre with two time constants (t slow and t fast ) equivalent to SUT1-WT (see Supplemental Figures 2A and 2B online; compared with Figure 2B ). The fast time constants were <1 ms (triangles), whereas the slow time constants ranged around 2 ms (circles) for the mutant SUT1-T72C (see Supplemental Figure 2B online). Neither t slow nor t fast showed a pronounced voltage dependence. Furthermore, in the presence of saturating sucralose concentrations, t slow was not detectable for the mutant (see Supplemental Figures  2C and 2D online) identical to the situation observed with SUT1-WT ( Figure 2D ). In summary, SUT1-T72C displayed biophysical properties very similar to SUT1-WT (summarized in Table 1 ). Thus, VCF measurements with SUT1-T72C should reflect wild-type-like conformational changes of the loop region between TMD I and II.
To observe conformational changes, TMRM-labeled SUT1-T72C-expressing oocytes were clamped to membrane potentials in the range from +80 to 2200 mV in 10-mV decrements starting from a holding potential of 220 mV (compared with Figure 3A ). Representative original recordings revealed voltageinduced fluorescence changes, which constituted up to 7% of the entire recorded fluorescence intensity at the holding potential (F total ; Figures 3E and 4) . At pH 4.0, similar voltage-induced fluorescence signals could be recorded in the absence of substrate or the presence of saturating external Suc concentrations (100 mM; Figures 4A and 4B ). With decreasing membrane potentials, the fluorescence signal decreased, and with increasing potentials, it increased. This overall behavior of voltage-induced fluorescence changes could also be detected at pH 5.6 and 7.5, although the amplitude of the fluorescence change was reduced at pH 7.5 by around 50% (see Supplemental Figures 3A, 3D , 3F, and 3G online). When varying the Suc concentration from 0 to 5, 15, and 100 mM at pH 5.6, no major difference in original fluorescence recordings could be recorded either (see Supplemental Figures 3A to 3D online) , indicating that the conformational change of the protein proceeds independently of the permeating substrate. However, upon application of the competitive inhibitor sucralose (50 mM at pH 4.0), the voltage-induced fluorescence changes were significantly reduced ( Figure 4C ). Similar results were obtained when applying the nontransported sugar palatinose ( Figure  4D ). To quantify the inhibitory effect of sucralose and palatinose on voltage-induced fluorescence changes, we calculated the maximal fluorescence amplitude (DF; measured as difference between the values obtained at +80 and 2200 mV; compared with Figure  4A ). It became apparent that sucralose and palatinose reduced DF by 65% 6 3% and 51% 6 3% (6SE), respectively ( Figure 4E ). The inhibitory effect of sucralose on the voltage-induced fluorescence change was even more pronounced at pH 5.6 (see Supplemental Figures 3E and 4A online) . These results indicate that the nonpermeating sugars sucralose and palatinose inhibit the movement of the extracellular SUT1 loop between TMD I and II, a phenomenon that is not observable when the permeating sugar Suc is applied instead. In this case, the steady state fluorescence (F SS ; compared with Figure 4A ) follows almost linearly the membrane voltage ( Figure 4F ) reminiscent to the linear behavior of Suc-induced steady state currents (compared with Supplemental Figure 1A online).
DISCUSSION
Proton-coupled Suc transporters play a pivotal role for cell-tocell and long-distance transport in plants. Utilizing the hyperpolarized membrane potential and the transmembrane proton gradient, they enable phloem cells to accumulate Suc to concentrations up to ;1 M in the cytosol, which is ;1000-fold higher than in the apoplast. The carrier protein can accomplish this task only because proton and Suc transport are tightly coupled. However, molecular insights into this physiologically eminently important process of sugar translocation in plants are still fragmentary. Here, we used the competitive inhibitor sucralose to gain a deeper understanding of the mechanism of Suc accumulation in plant cells. The Suc transporter SUT1 from maize, like other clade II SUTs (e.g., rice [Oryza sativa] SUT1 and sugarcane SUT1; Reinders et al., 2012b) , shows a higher specificity for Suc than transporters of clade I. Similar to sugarcane SUT1 (Reinders et al., 2012b) , transport currents of maize SUT1 were competitively inhibited by the presence of sucralose ( Figure 1D ). Using an elegant gene shuffling method (synthetic template shuffling), the lab of John Ward recently demonstrated that replacement of five amino acids was sufficient to convert a highly specific type II Suc transporter to a less specific type I-like Suc carrier/substrate specificity (Reinders et al., 2012b) . Key residues determining the specificity of type II Mean I tr at 2100 mV pH 4.0 (µA) 23.3 6 0.7 21.9 6 0.3 20.8 6 0.1 22.0 6 0.1 22.0 6 0.1 21.6 6 0.2 K m at 2100 mV pH 5.6 (mM Suc) 10.9 6 1.4 7.7 6 1.4 9.9 6 0.9 6.9 6 0.9 34.7 6 3.8 13.0 6 1.2 pH dependence
The Suc carrier involve amino acids located in the extracellular loop1 between TMDI and TMDII, far away from the putative substrate binding site in the middle of the N-terminal TMDs. Interestingly, the authors concluded that the impermeability of type II carriers for sucralose or esculin is not based on differences in substrate binding but on the inability to translocate the bound substrate across the membrane. This conclusion could be further underpinned by the results presented here. With the help of the VCF technique, we visualized conformational changes within the maize SUT1 protein. Most pronounced fluorescence changes could be observed when the fluorescence label was coupled to the extracellular ends of TMDI or TMDII (SUT1-Y61C or -T72C; Figure 3 ), indicating that loop1 may be involved in substrate recognition/translocation. Application of sucralose inhibits this conformational change of SUT1 ( Figures 4C to 4E ), providing ultimate evidence that indeed the translocation of Suc derivates, such as sucralose, is hindered. An experimentally fortunate feature of SUT1 is that this transporter can be highly expressed in the heterologous expression system of X. laevis oocytes and there mediates Sucinduced transport currents in the µA range (Carpaneto et al., 2005) . Using the TEVC technique on SUT1-expressing oocytes, Carpaneto et al. (2010) resolved transient currents with fast deactivation kinetics in the absence of any substrate. These socalled pre-steady state currents reflect the binding of protons to SUT1 and thus indicate the first step in the reaction cycle of this transporter. In this study, we analyzed I pre in deeper detail and combined these analyses with the visualization of protein motion. VCF measurements with the mutant SUT1-T72C revealed that conformational changes of the carrier protein are Suc independent with a weak pH dependence. Moreover, we demonstrated that the rate-limiting step within the reaction cycle of SUT1 is the conformational change between the inward and outward facing conformation. This is well in line with the early work of Komor et al. on the H + /Glc transport system of C. kessleri (Komor et al., 1972 Komor, 1973) .
After applying the competitive inhibitor sucralose, the voltageinduced fluorescence changes decreased and reduced the slow pre-steady state current component in a sucralose concentrationdependent manner, while the fast component remained unaffected. (E) The amplitude of the fluorescence change between the extreme voltages +80 mV and 2200 mV (DF) (see [A] ) is shown at pH 4.0 and either 100 mM Suc, 50 mM sucralose, 50 mM isomaltulose, or in the absence of substrate. DF demonstrates that the fluorescence amplitude significantly decreased in the presence of sucralose (n = 16, 6SE). The unbound Suc transporter alternates with voltage-independent rate constants K EC and K CE between two conformations (1↔2) exposing its H + and Suc binding sites either to the extracellular (out; 2) or the intracellular face (in; 1). Extracellular protons can enter the transmembrane electrical field and associate with the transporter (3; rate constant [H]$K E1 ). Extracellular application of sucralose (scl) blocks the transporter in the outward-facing conformation (4 and 5).
All these results are well explainable by a simple transport mechanism ( Figure 5 ). The proton and Suc binding sites of the H + /Suc transporter are alternately accessible from the cytosol or the extracellular medium (Figure 5, 1↔2 ). To explain our data, it is sufficient to assume that this switch is not dependent on the transmembrane voltage. However, the binding and the release of the proton is voltage dependent (rate constants K E1 and K 1E in Figure 5 ) because it moves within the transmembrane electric field. The voltage-independent slow time constant t slow that is observable in pre-steady state currents in the absence of any other substrate is in the order of 1/K CE and 1/K EC if we reasonably assume that proton binding and release proceeds much faster than the conformational change of the transporter. Thus, SUT1 changes its access from the cytosolic to the extracellular site with a rate of ;500 s 21 , which coincides very well with known turnover rates of other proton-coupled transporters (Boorer et al., 1996b) . If sucralose is offered as substrate at the extracellular side, transporters are blocked in the outward-facing conformation (Figures 4C, 4E, and 5, 2→4 and 3→5) . Depending on the sucralose concentration, there are only a few transporters without sucralose that can still alternate between the two positions. This effect is visible in the pre-steady state currents by a decline of the amplitude of the slow time constant (t slow ) below the detection limit and the strong reduction of the VCF signal. In summary, the model explains well the observations (1) that sucralose application reduces the mobility of the transporter and (2) that sucralose suppresses the slow time component of the pre-steady state currents. Our study resolves the binding of protons to the carrier and its interrelationship with the alternating movement of the protein. It thus allows us to grasp the molecular basis of the eminently physiologically important process of sugar translocation in plants.
METHODS
TEVC Analysis in Xenopus laevis Oocytes
The maize (Zea mays) SUT1 cRNA was prepared using AmpliCap-Max T7 High Yield Message Maker Kit (Biozym). Oocyte preparation and cRNA injection have been described elsewhere (Becker et al., 1996) . For TEVC studies or pre-steady state measurements oocytes were perfused with a standard solution containing 30 mM potassium chloride (KCl), 1 mM calcium chloride 2 , 1mM magnesium chloride 2 , and 1 mM lanthanum chloride 3 based on Tris/MES buffers for the pH values 5.6 and 7.5 or based on citrate/Tris buffers for the pH values 4.0 and 5.0. The Suc concentrations and pH values are indicated in the text and figure legends. Solutions were adjusted to 220 mOsmol kg 21 using D-sorbitol. To allow fast clamping, especially for presteady state measurements, the tips of the capillaries were broken to ;1 µm diameter and back-filled with 1% agarose in 3 M KCl to prevent leakage of the 3 M KCl solution around the electrode, resulting in a constant 0.1 to 0.3 MV resistance (Schreibmayer et al., 1994) .
Transport Currents and Membrane Capacitance Measurements
Parallel measurements of transport currents (I tr ) and membrane capacitance (C m ) were performed using the TURBO-TEC10X amplifier (NPI Electronic) controlled by the Patchmaster software (HEKA Electronics). Based on paired voltage ramps, C m was measured continuously using the approach from Schmitt and Koepsell (2002) . During the TEVC measurements, the holding potential was 220 mV, while the oocytes were perfused with different bath solutions. The Suc-induced currents and the Suc-induced capacitance changes were measured in the voltage range between +60 and 2160 mV in 10-mV decrements. C m values were normalized to the value at 210 mV in the absence of Suc. SUT1-mediated transport currents (I tr ) were calculated by subtracting the currents in the absence of substrate from the currents in the presence of substrate. The Suc-induced steady state currents were measured at fixed substrate concentration, pH, and membrane potential. From describing the currents with the Michaelis-Menten equation,
where [S] represents the Suc concentration, we obtained K m , the half-maximal ligand concentration, and I max , the maximum current. The percentage of current inhibition induced by sucralose (I in ) was calculated as 100(I 0 -I scl )/I 0 , where I 0 and I scl were the currents recorded in the absence and in the presence of sucralose, respectively. Data were mathematically approximated by the equation:
where [scl] is the sucralose concentration and K scl the half-inhibition constant (IC 50 ).
Pre-Steady State Currents
Pre-steady state currents were recorded using the TEVC technique essentially as described by Carpaneto et al. (2010) . In brief, the current traces at saturating Suc concentration (100 mM) were subtracted from the traces in the absence of the substrate after forcing the stationary level to zero. From a holding potential of 220 mV, 20-ms voltage pulses from +60 to 2160 mV in 10-mV decrements were applied. For analysis of the inhibitory effect of sucralose, pre-steady state currents were obtained using the standard procedure described above with the exception that traces recorded at pH 4.0 in saturating external Suc were subtracted from traces in the presence of sucralose.
To investigate the effect of sucralose on the amplitude of the slow component of pre-steady state currents, we applied varying sucralose concentrations in the range of 1 to 100 mM sucralose. After subtracting traces of saturating Suc concentrations, the decay of I pre was approximated by a sum of two exponential functions:
3Þ
For proper determination of the amplitude of the slow component of I pre , both time constants were fixed to the average values obtained from independent pre-steady state analysis of more than 30 SUT1-expressing oocytes (t fast = 0.5 ms; t slow = 2 ms). At all tested sucralose concentrations, pre-steady state currents were described very well using this procedure. The obtained amplitude of the slow component of pre-steady state currents plotted as a function of the sucralose concentration was described with a Hill equation:
where [scl] represents the sucralose concentration, I 0 the current at zero sucralose, and K m the sucralose concentration, at which the amplitude was 50% of the maximal amplitude at zero sucralose.
Labeling of Maize SUT1 Cys Residues with TMRM6
The sulfhydryl reagent TMRM (TMRM6; Molecular Probes, Life Technologies) is able to bind covalently to accessible Cys side chains of proteins. Oocytes expressing SUT1 mutants with artificially introduced Cys residues were incubated for 5 to 10 min at room temperature in the dark in freshly prepared ND96 buffer, pH 7.5, containing 10 µM TMRM6. After extensive washing in ND96 buffer, oocytes were kept in the dark until they were measured. Chosen time intervals and concentrations proved to be a reasonable compromise to receive good labeling results while minimizing unspecific labeling.
Two-Electrode Voltage Clamp (Epi)Fluorescence Measurements
Measurements were performed in a perfusion chamber with a cover slip at its bottom mounted on the stage of an inverse epifluorescence microscope (Zeiss IM35). Fluorescence was collected by a 340 oil immersion objective (Zeiss Fluar 340/1.3 oil), and currents were recorded under voltage clamp conditions using a TURBO-TEC10X amplifier (NPI Electronic) and an AD/DA interface ITC 18 (Instrutech). Fluorescence was excited by a high-power LED-based excitation system (CoolLED pE; Visitron Systems). A dichroic filter system (F41-007: Cy3, TRITC, Alexa 546/555; exciter HQ 545/30x; dichroic Q570 LP; emitter HQ 610/75m; AHF Analysentechnik) was used for TMRM6 excitation and fluorescence emission filtering. The fluorescence was detected with a photodiodebased fluorescence detection unit and a control unit with signal processing capabilities that provide signal conditioning (offset and gain) and simplify acquisition and analysis of the output signal (TILLPhotonics). The photodiode detector head consists of three-lens optics and a low-noise, high-sensitivity photodiode (0.4-mm diameter of sensitive area; Hamamatsu S5973-02) and a low-noise, high-gain current-to-voltage converter, which converts photocurrents to a voltage signal. Simultaneous measurements of the SUT1-mediated currents and the fluorescence were performed between +80 and 2200 mV in 20-mV decrements controlled by Patchmaster software (HEKA Electronics).
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